Regulatory T cells (T reg cells) can activate multiple suppressive mechanisms in vitro after activation via the T cell antigen receptor, resulting in antigen-independent suppression. However, it remains unclear whether similar pathways operate in vivo. Here we found that antigen-specific T reg cells activated by dendritic cells (DCs) pulsed with two antigens suppressed conventional naive T cells (T naive cells) specific for both cognate antigens and non-cognate antigens in vitro but suppressed only T naive cells specific for cognate antigen in vivo. Antigen-specific T reg cells formed strong interactions with DCs, resulting in selective inhibition of the binding of T naive cells to cognate antigen yet allowing bystander T naive cell access. Strong binding resulted in the removal of the complex of cognate peptide and major histocompatibility complex class II (pMHCII) from the DC surface, reducing the capacity of DCs to present antigen. The enhanced binding of T reg cells to DCs, coupled with their capacity to deplete pMHCII, represents a novel pathway for T reg cell-mediated suppression and may be a mechanism by which T reg cells maintain immune homeostasis.
F orkhead box protein P3-positive (Foxp3 + ) regulatory T cells (T reg cells) are critical for the maintenance of immune homeostasis. One of the major unresolved issues regarding their function is whether they can mediate antigen-specific suppression. Several early in vivo studies of T reg cells suggested a role for antigen specificity, in that CD4 + T cells from mice lacking the target organ were poor suppressors of disease in those organs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although these studies indicated the importance of antigen-mediated priming of T reg cells, they did not examine whether antigen recognition by T reg cells had any further role in suppression in vivo. Several mechanisms have been proposed for the T reg cell-mediated suppression that can target both effector T cell function and antigen presentation. These include the following: production of tolerogenic molecules [8] [9] [10] [11] ; consumption of interleukin 2 (IL-2) 12 ; cytotoxic T lymphocyte-associated protein 4 (CTLA-4)-mediated inhibition of costimulation 13, 14 ; and contact-dependent killing of antigen presentation through granzyme and perforin 15 . All of these mechanisms are compatible with the paradigm of bystander suppression, as suggested by the studies showing that T reg cells primed by one antigen could subsequently suppress T cell proliferative responses to other unrelated antigens activated in the same culture 16, 17 . However, these potential mechanisms for T reg cell suppression have been derived mainly from in vitro studies, and the mechanisms of in vivo regulation are probably much more complex. Studies examining T reg cell-dendritic cell (DC) interactions using intravital microscopy demonstrated that antigen-specific T reg cells specifically interact with DCs and disrupt their stable contact with antigenspecific T cells via unelucidated mechanisms 18, 19 .
In this study, we aimed to analyze the fine specificity of antigenspecific T reg cell-mediated inhibition of the priming of conventional naive T cells (T naive cells) in vivo and to compare the results with antigen-specific T reg cell-mediated suppression in vitro. To do so, we used both in vitro-differentiated, antigen-specific, induced T reg cells (iT reg cells) and freshly isolated thymus-derived T reg cells (tT reg cells) from T cell antigen receptor (TCR)-transgenic mice. To determine the antigen specificity of T reg cell-mediated suppression in vitro and in vivo, we stimulated T reg cells with DCs simultaneously pulsed with two distinct antigenic peptides and examined the expansion of antigen-specific T naive cells. In line with previous observations 17 , antigen-specific T reg cells, following activation by such doublepulsed DCs, were capable of suppressing the expansion of T naive cells specific for their cognate antigen as well as that of T naive cells specific for an unrelated antigen in vitro. In contrast, when similar cell populations were transferred in vivo, T reg cells activated by doublepulsed DCs could suppress only T naive cells specific for their cognate antigen. To explore the mechanisms leading to antigen-specific suppression in vivo, we performed an in-depth analysis of the physical interaction of antigen-specific T reg cells with DCs in comparison to that of antigen-specific T naive cells and demonstrated that T reg cells acquired a distinct morphology after contact with DCs displaying wider membrane fusion sites, longer contact durations and larger clusters in vitro and in vivo. When we sequentially treated DCs with T reg cells and T naive cells, T reg cells that recognized the same antigen that T naive cells recognized selectively excluded T naive cells. However, T reg cell pretreatment of double-pulsed DCs in vitro disabled the capacity of DCs to activate T naive cells specific for the antigen recognized by T reg cells but not the response of T naive cells specific for an unrelated antigen expressed on the same DC surface. These findings suggest that T reg cells use suppressor mechanisms, in addition to preventing access of T naive cells to antigen expressed on the DC surface. We demonstrated that antigen-specific T reg cells removed complexes of peptide and major histocompatibility complex class II (pMHCII) from the DC surface and thereby decreased the capacity of DCs to present antigen. Most importantly, the removal of pMH-CII complexes was antigen specific, since T reg cells captured only the pMHCII complexes that they recognize but not any unrelated antigen expressed on the same DC.
Thus, we describe a novel pathway for antigen-specific T reg cellmediated suppression. It first requires a strong interaction of the antigen-specific T reg cells with DCs presenting their cognate antigen; secondarily, it requires removal of the cognate pMHCII from the DC surface in a TCR-specific fashion.
Results

Antigen-specific T reg cells mediate antigen-specific suppression in vivo.
To determine if antigen-specific iT reg cells exhibit bystander suppression, we generated antigen-specific iT reg cells using naive CD4 + Foxp3 − T cells from OT-II transgenic mice. OT-II iT reg cells markedly suppressed the proliferation of OT-II T cells stimulated with ovalbumin (OVA) 323-339 -pulsed DCs in vitro but had only a minimal effect on the proliferation of SMARTA T cells stimulated with DC pulsed with lymphocytic choriomeningitis virus (LCMV) glycoprotein (GP) 61-80 ( Supplementary Fig. 1a,b) . Similarly, SMARTA iT reg cells completely suppressed the response of SMARTA T cells to GP 61-80 -pulsed DCs but had no effect on the response of OT-II T cells to OVA-pulsed DCs ( Supplementary Fig. 1c,d ). The failure of OT-II iT reg cells to suppress the response of SMARTA T cells could be secondary to the requirement that iT reg cells be restimulated in culture to exert their suppressive function. To clarify this point, we cocultured OT-II T cells and SMARTA T cells in the presence of OT-II iT reg cells and a mixture of DCs pulsed with OVA 323-339 and DCs pulsed with GP 61-80 or with DCs simultaneously pulsed with OVA 323-339 and GP 61-80 . Under both of these activation conditions, antigen-specific iT reg cells suppressed the proliferation of OT-II T cells and SMARTA T cells ( Supplementary Fig. 1e ,f). This result is similar to previous observations 16 with antigen-specific T reg cells isolated from TCR-transgenic mice. One difference between studies is that the iT reg cells required restimulation with their cognate antigen even though they were previously activated in culture.
To evaluate whether activated antigen-specific iT reg cells could also suppress the response to unrelated antigens in vivo, we developed a model in which peptide-pulsed DCs, antigen-specific T cells and antigen-specific iT reg cells are transferred intravenously into immunocompetent syngeneic recipients. To determine whether antigen-specific iT reg cells activated with their cognate antigen could suppress the responses of a second antigen-specific T cell population when stimulated with both their cognate antigen and the unrelated antigen, we first cotransferred OT-II T cells, SMARTA T cells, OT-II iT reg cells and separate populations of DCs pulsed with OVA 323-339 or GP 61-80 . OT-II iT reg cells completely suppressed the response of OT-II T cells but failed to suppress the response of SMARTA T cells. Similarly, when SMARTA iT reg cells were transferred with OT-II T cells and SMARTA T cells and separate populations of pulsed DCs, they completely suppressed the proliferation of SMARTA T cells but had no effect on the proliferation of OT-II T cells ( Fig. 1a ). To determine whether antigen-specific iT reg cells activated with their cognate antigen could suppress the responses of a second antigen-specific T cell population in the same environment when stimulated with DCs pulsed with both peptides, we cotransferred OT-II T cells, SMARTA  T cells, OT-II iT reg cells, and DCs simultaneously pulsed with  OVA 323-339 and GP 61-80 peptides. OT-II iT reg cells completely suppressed the response of OT-II T cells and only slightly suppressed  the response of SMARTA T cells. Likewise, when SMARTA iT reg  cells were transferred with OT-II T cells and SMARTA T cells and  double- pulsed DCs, they completely suppressed the proliferation of SMARTA T cells but had no effect on the proliferation of OT-II T cells ( Fig. 1b ). Similar to iT reg cells, antigen-specific T reg cells from TCR-transgenic mice that were expanded in vitro via plate-bound antibody to CD3 (anti-CD3), anti-CD28 and IL-2 or in vivo via IL-2anti-IL-2 complex treatment also displayed antigen-specific suppression when adoptively transferred in vivo ( Supplementary Fig. 2a-c) .
The ability of antigen-specific T reg cells to suppress their responses to their cognate antigen expressed on DCs, but not to suppress responses to a second antigen expressed on the same DC population, strongly suggested that T reg cell suppressor mechanisms involving the downregulation of costimulatory function on DCs or suppressor cytokines played little to no role in iT reg cell suppression in vivo. To test this possibility, we made use of TCR-transgenic strains specific for pigeon cytochrome C (PCC) on a Rag2 −/− background that were either deficient in CTLA-4 or IL-10. Because these mice lacked a normal TCR repertoire, they were phenotypically normal and exhibited no signs of T cell activation or autoimmune disease. PCC-specific iT reg cells generated from either Il10 −/− mice or Ctla4 −/− mice were as suppressive as PCC-specific iT reg cells generated from 5CC7 TCR-transgenic Rag2 −/− donors ( Fig. 1c,d) , strongly suggesting that neither IL-10 nor CTLA-4 played a major component in iT reg cell suppressor function in vivo.
Antigen-specific iT reg cells engage in intense and unique interactions with antigen-pulsed DCs.
As an initial approach to determine the mechanism of antigen-specific suppression in vivo, we characterized the interactions of freshly isolated 5CC7 T naive cells, 5CC7 activated T cells (T activated cells) and 5CC7 iT reg cells with moth cytochrome C (MCC) 88-103 -pulsed DCs using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) after 2 h of coculture in vitro. We quantified T cells per DC for a total of 40 DCs using SEM images and found a significantly larger number of iT reg cells bound per DC ( Fig. 2a,b ). Tilted SEM images of the T cell-DC binding sites revealed an average of three to nine membrane-fusion nanodomains per T cell-DC couple. Membranefusion nanodomains have been reported to contain clusters of TCR and co-receptors [20] [21] [22] [23] . Length measurements of nanodomains visible in random, representative micrographs showed that iT reg cells displayed significantly wider nanodomains than the nanodomains formed by T naive cells or T activated cells, suggesting a more mature contact ( Fig. 2c,d ).
TEM images of T cell-DC couples demonstrated that after binding to DCs, iT reg cells exhibited a morphology distinct from that of DC-bound T activated cells, with uropods at the rear and finger-like projections at the leading edge. iT reg cell-DC contact sites contained filopodia that were not observed at the T activated cell-DC interaction sites ( Fig. 2e ). We also detected by live confocal microscopy that OT-II iT reg cells, but not OT-II T activated cells, displayed prominent amoeboid movements with highly dynamic filopodial protrusions and contractions at the DC binding site, which increased the volume of interaction with the antigen-pulsed DCs ( Fig. 2f and Supplementary Videos 1 and 2a,b).
We then characterized the real-time interactions of iT reg cells and T activated cells with DCs in vivo by cotransferring OT-II iT reg cells or OT-II T activated cells with antigen-pulsed DCs into wild-type mice ( Fig. 3a) . DCs that were pulsed with OVA 323-339 were directed to popliteal lymph nodes by injection into the footpad to facilitate interactions with either OT-II iT reg cells or OT-II T activated cells that were simultaneously injected intravenously. We visualized the lymph nodes by intravital two-photon microscopy at 18-20 h post-transfer and found that OT-II iT reg cells formed larger clusters around the DCs, whereas OT-II T activated cells were located more remotely (Fig. 3b ). OT-II iT reg cells engaged in more intense interactions with DCs, as quantified by the greater volume of contact and longer contact durations, recapitulating our in vitro observations in vivo ( Fig. 3c and Supplementary Video 3a,b). One possible explanation for antigen-specific suppression in vivo ( Fig. 1a,b ) is that the greater avidity of iT reg cells for antigen-pulsed DCs inhibits the access of antigen-specific T naive cells. To address whether antigen-specific competition exists in vivo, we transferred OT-II T naive cells with OT-II iT reg cells or with OT-II T activated cells. The dynamic movement and localization of OT-II T naive cells were visualized by intravital two-photon microscopy 18-20 h post-transfer. Intravital microscopy showed that in the presence of cognate antigen, OT-II T naive cells exhibited slower movement and enhanced clustering around DCs. The presence of OT-II T activated cells resulted in some degree of increased mobility and reduced clustering around the DC of the cotransferred OT-II T naive cells. In contrast, in the presence of OT-II iT reg cells, OT-II T naive cells exhibited significantly greater mobility, as reflected by larger increases in average T cell track velocities and longer distances to the closest DC than in the presence of OT-II T activated cells (Fig. 3d ,e and Supplementary Video 4a-d). In parallel studies of T cell proliferation in vivo at 72 h after transfer, only modest inhibition of proliferation of OT-II T naive cells was seen in the presence of OT-II T activated cells, while profound inhibition of the proliferation of OT-II T naive cells was observed in the presence of OT-II iT reg cells ( Fig. 3f,g) . Taken together, these microscopic studies demonstrate that the profound inhibition of T cell proliferation by antigen-specific iT reg cells might be consistent with intense contact between T reg cells and DCs.
Visualization of T reg cell-mediated antigen-specific suppression in vivo.
To further analyze the mechanism of suppression mediated by antigen-specific iT reg cells, we adoptively transferred DCs pulsed with both OVA 323-339 and GP 61-80 into wild-type mice via the footpad. We then cotransferred OT-II iT reg cells or SMARTA iT reg cells with a mixture of OT-II T naive cells and SMARTA T naive cells intravenously to visualize how real-time interactions between DCs and antigenspecific T naive cells and bystander T naive cells are regulated by iT reg cells. We extracted the lymph nodes 18-20 h post-transfer and sectioned them in ice-cold PBS to preserve the microarchitecture of the lymph node and the viability of cells. After warming the sections to 37 °C to restore cell movement, we tracked the cells for up to 12 h. We found that the presence of OT-II iT reg cells led to the selective exclusion of OT-II T naive cells, and the presence of SMARTA iT reg cells led to the selective exclusion of SMARTA T naive cells, from DC contact. In contrast, bystander CD4 + T cells maintained their interaction with DCs ( Fig. 4a and Supplementary Video 5). Regardless of the antigen dose, antigen-specific T naive cells moved at higher speeds and interacted for shorter times than did bystander T naive cells, indicating that the T reg cell-mediated disruption of stable contacts was antigen specific ( Fig. 4b-d ).
To visualize the morphological changes that occur in vivo during T cell activation, we transferred OVA 323-339 -and GP 61-80 -doublepulsed DCs, OT-II T naive cells and SMARTA T naive cells with OT-II or SMARTA iT reg cells into normal recipients. We then performed confocal microscopy of whole popliteal lymph node sections 24 h posttransfer. In the absence of T reg cells, OT-II T cells were enlarged, as a morphological sign of activation. The volume of the OT-II T cell blasts was significantly decreased in the presence of OT-II iT reg cells but not in the presence of SMARTA iT reg cells, indicating that the inhibition of T cell blasting is antigen specific (Fig. 4e,f) . Furthermore, the OT-II T cells retained the spherical morphology of unstimulated T cells only in the presence of OT-II iT reg cells (Fig. 4f) , not in the presence of SMARTA iT reg cells. These findings confirm that at the morphological level, antigen-specific iT reg cells do not mediate bystander inhibition in vivo.
T reg cells acquire pMHC II complexes by capturing DC membrane fragments.
The data presented in the previous section are compatible with a model in which the major inhibitory function of antigen-specific iT reg cells is to prevent the access of T naive cells to pMHCII on the DC surface in a competitive fashion. If this were the case, removal of iT reg cells from cocultures in vitro would abolish their suppressive effects. To test this, we precultured iT reg cells with DCs pulsed with both OVA 323-339 and GP 61-80 . We then depleted the iT reg cells from the DCs and evaluated the capacity of the treated DCs to stimulate TCR-transgenic T naive cells. DCs precultured with OT-II iT reg cells failed to activate OT-II T cells but retained the capacity to activate SMARTA T cells. Similarly, DCs precultured with SMARTA iT reg cells failed to activate SMARTA T cells but stimulated OT-II T cells as efficiently as control DCs did ( Fig. 5a,b ). Furthermore, when we added fresh peptide to DCs precultured with iT reg cells, the antigen-presentation capacity of DCs was restored ( Fig. 5c,d) . These results strongly suggest that antigen-specific iT reg cells can decrease the capacity of DCs to present their cognate antigen but leave intact the presentation of antigens not recognized by their TCR.
We hypothesized that the intense interaction of iT reg cells with DCs might result in the removal of pMHCII complexes from the DC surface. To evaluate whether iT reg cells acquire DC-derived membranes by a process of trogocytosis, we labeled DC membranes with the lipophilic dye PKH26 and pulsed them with MCC 88-103 . DCs were then cultured with 5CC7 T naive cells, T activated cells or iT reg cells for 18 h. 5CC7 iT reg cells acquired a greater amount of the DC membrane than did T naive cells or T activated cells, as measured by the increase in their PKH26 fluorescence intensity ( Fig. 6a ). We then tested whether iT reg cells acquire multiple membrane antigens from the DC surface. Indeed, when we stained antigen-specific iT reg cells, we could easily detect surface molecules involved in the immune synapse, such as MHCII, CD86, ICOSL (inducible costimulatory ligand) and PD-L2 (programmed death-ligand 2) ( Supplementary  Fig. 3a ). It is very likely that these antigens were derived from the surface of the DCs, since they could not be detected on the surface of iT reg cells either before the coculture or after polyclonal activation with plate-bound anti-CD3 and anti-CD28 in the absence of DCs ( Supplementary Fig. 3b ). 
Articles
NATuRe IMMuNology
To visualize the membrane patches containing total MHCII acquired by antigen-specific iT reg cells, we fixed cocultures of OVA 323-339 -pulsed DCs with OT-II T naive cells, T activated cells or iT reg cells at 3 h after coculture and imaged them using confocal micros-copy. To distinguish between the isolated membrane patches separated from the DCs and the actual DC-T cell contact sites, we performed three-dimensional (3D) reconstruction of DCs and used it to mask other channels to eliminate the signal coming from DCs. Using masked channels, we created 3D surfaces for the T cells and T reg cells and quantitated the mean intensity of the acquired MHCII (Fig. 6b ). The MHCII acquired by iT reg cells had greater intensity than that in T activated cells (Fig. 6c ). Together these findings suggest that antigen-specific T reg cells have greater trogocytic capacity than that of T activated cells.
Antigen-specific iT reg cells downregulate antigen presentation by
DCs by removing pMHCII from the DC surface. Although confocal microscopy was sensitive enough to detect the total MHCII signal, its sensitivity was not adequate to visualize the acquisition of antigen-specific pMHCII. We then used TEM to visualize and quantify the acquisition of antigen-specific pMHCII early during T cell-DC interaction. We made use of a monoclonal antibody (mAb), D4, that detects complexes of MCC 88-103 and the MHCII molecule I-E k24 . We cultured MCC 88-103 -pulsed DCs with 5CC7 T naive cells, T activated cells or iT reg cells for 3 h and stained with biotinylated mAb D4, followed by streptavidin-conjugated quantum dots, and imaged the cells by TEM. Only iT reg cells had intense DC contacts where they engulfed parts of the DC membrane (Fig. 6d ). More importantly, we observed transfer of quantum dots only to iT reg cells, not to T naive cells or T activated cells (Fig. 6e ). The quantum dots were detected both on the T reg cell surface and within the endosomes (Fig. 6f ).
To assay whether a similar process of uptake of DC membranes by iT reg cells occurred in vivo, we adoptively transferred MCC 88-103pulsed DCs via the footpad and simultaneously transferred 5CC7 T naive cells, T activated cells or iT reg cells into wild-type B10.A mice. Internalized MCC 88-103 -I-E k complexes were found in 5CC7 iT reg cells on day 3 post-transfer in the draining popliteal lymph node, whereas no complexes could be detected in 5CC7 T naive cells or T activated cells, indicating that antigen-specific iT reg cells indeed captured and retained cognate pMHCII (Fig. 7a) .
To further delineate the parameters that governed iT reg cell-mediated uptake of pMHCII complexes, we cocultured 5CC7 T naive cells, T activated cells or iT reg cells for 18 h with freshly isolated splenic DCs that had been pulsed with MCC 88-103 peptide at different loading doses and used flow cytometry to measure the amount of MCC 88-103 -I-E k complexes acquired by T cells. We detected significantly larger amounts of pMHCII complexes both on the surface and in the intracellular compartment of iT reg cells than in T naive cells or T activated cells at any peptide concentration (Fig. 7b,c) . pMHCII complexes on 5CC7 iT reg cells were detectable by flow cytometry as early as 3 h post coculture, with greater accumulation over time, whereas they became detectable on the surface of T activated cells only after 6 h. No pMHCII complexes were detected on the surface of polyclonal iT reg cells, substantiating the role of TCR-pMHCII interactions for the acquisition of pMHCII complexes by T reg cells ( Supplementary  Fig. 4a,b) . The MCC 88-103 -I-E k level detected on the DC surface was reduced to a greater extent in the presence of 5CC7 iT reg cells than with T naive cells or T activated cells (Fig. 7d ). This result is consistent with iT reg cell-mediated depletion of pMHCII from the DC surface. We observed similar results with T reg cells isolated from TCR-transgenic mice on a Rag2 +/+ background. Both antigen-specific iT reg cells and T reg cells (probably tT reg cells) were able to reduce the DC surface pMHCII to the same degree (Fig. 7e,f) .
The interaction of CTLA-4 on the surface of T reg cells with the costimulatory molecule CD80 or CD86 on the surface of DCs has been previously shown to result in the capture of these molecules by the T reg cell through a process of transendocytosis 14 . To determine if CTLA-4-mediated transendocytosis plays a role in the uptake of MCC 88-103 -I-E k or the removal of MCC 88-103 -I-E k from the DC surface, we again generated MCC 88-103 -specific iT reg cells from CTLA-4-deficient 5CC7 TCR-transgenic mice and cultured them with MCC 88-103 -pulsed DCs. The uptake of the MCC 88-103 -I-E k complex by wild-type iT reg cells and Ctla4 -/-iT reg cells was identical, indicating that CTLA-4 did not play a role in the uptake of pMHCII complexes ( Supplementary Fig. 5 ). These findings indicate that antigen-specific T reg cells capture a critical amount of pMHCII from DCs, thus decreasing the presentation of cognate antigen without the involvement of CTLA-4-mediated mechanisms.
Acquisition of pMHCII complexes by T reg cells is antigen specific.
As T reg cells manifested their suppressive effect in an antigen-specific manner in vivo, it was important to determine whether the acquisition of pMHCII complexes was limited to cognate pMHCII. To test this, we pulsed DCs from B10.A mice with equimolar amounts of MCC 88-103 peptide and hen egg white lysozyme (HEL) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] peptide and cocultured the pulsed DCs for 18 h with 5CC7 and 3A9 (HEL 46-61 -specific) iT reg cells or tT reg cells. 5CC7 T reg cells acquired MCC 88-103 -I-E k complexes but not HEL 46-61 -I-A k complexes (detected with mAb AW3.18 25 ) . Similarly, HEL 46-61 -I-A k complexes, but not MCC 88-103 -I-E k complexes, were captured by 3A9 T reg cells, even though both 5CC7 T reg cells and 3A9 T reg cells were capable of interacting with the same DC ( Fig. 8a and Supplementary Fig. 6 ). Furthermore, DC levels of pMHCII were depleted in an antigenspecific manner, while the level of the non-cognate complex remained unchanged (Fig. 8b,c and Supplementary Fig. 6 ). Next we confirmed the functional consequence of antigen-restricted pMH-CII removal in this particular two-antigen system as in Fig. 5 by preculturing the iT reg cells with double-pulsed DCs and evaluating the capacity of the treated DCs to stimulate naive TCR-transgenic T cells. We observed that DCs precultured with 5CC7 or 3A9 iT reg cells failed to activate T naive cells specific for the cognate antigen recognized by the antigen-specific iT reg cells yet maintained the capacity to activate T naive cells specific for the non-cognate antigen ( Supplementary Fig. 7) . When antigen-specific T reg cells were transferred in vivo with double-pulsed DCs, they acquired only their cognate complexes (Fig. 8d,e and Supplementary Fig. 6 ). Furthermore, double-pulsed DCs were depleted in cognate pMH-CII, while the amount of non-cognate complex was unchanged ( Fig. 8f and Supplementary Fig. 6 ). Together our data confirm that antigen-specific T reg cells can execute suppressor function by acquiring pMHCII complexes from double-pulsed DCs in an antigen-specific manner ( Supplementary Fig. 8 ). 
Discussion
It is widely accepted that TCR signaling is required to induce the program of activities that mediate T reg cell suppressor function in an antigen-non-specific manner, resulting in suppression of DCs and/ or T cells in their vicinity. In this study, we define the fine specificity of T reg cell-mediated suppression in a reliable in vivo assay for the suppression of proliferation by antigen-specific T naive cells. When we activated antigen-specific T reg cell function in vivo with DCs that were simultaneously pulsed with two peptides, suppression was completely antigen specific.
Previous studies of T reg cell-DC interactions 18, 19 using antigenspecific T reg cells from TCR-transgenic mice on a conventional background demonstrated that the primary mechanism of suppression used by T reg cells was to prevent the formation of stable interactions between antigen-specific T naive cells and antigen-bearing DCs. The antigen specificity of the inhibition of T naive cell binding to antigen-exposed DCs was not addressed. Yan et al. 26 and Chen et al. 27 demonstrated that after exposure to IL-2, polyclonal T reg cells form strong adhesive contacts with DCs independently of antigen and MHC class II recognition, which results in suppression of the interaction of DCs with antigen-specific T naive cells. While we observed that T reg cells inhibited the interactions of antigen-specific T naive cells with antigen-pulsed DCs and that inhibition of the interaction in vivo was antigen specific. We did not observe any interactions between polyclonal iT reg cells and DCs even though the iT reg cells were generated in the presence of IL-2.
We also observed that preincubation of iT reg cells in vitro with double-pulsed DCs inhibited the subsequent capacity of DCs to activate T naive cells specific for their cognate antigen but not that of T naive cells specific for the second antigen expressed on DCs. The defective stimulatory capacity of iT reg cell-treated DCs could be restored by re-pulsing DCs with the cognate peptide. This finding strongly suggests that mere competition for binding is not sufficient to completely explain antigen-specific T reg cell-mediated suppression.
The strong binding of iT reg cells and their capacity to debilitate DC function in an antigen-specific manner raised the possibility that iT reg cells were removing their target antigen from the DC surface by a process similar to trogocytosis 28 . The capacity of T cells to take up pMHCII complexes has been known for decades [29] [30] [31] . There are a number of important differences between those earlier studies and our observations. First, the capacity of T cells to take up DC-derived membranes required that the T cells be activated by antigens or mitogens. Once activated, T cells could acquire membrane molecules in an antigen-independent manner 29, 30 . In our study, uptake of pMHCII complexes in vivo and in vitro was antigen specific; the non-cognate antigen could not be detected on or in the antigen-specific T reg cells. Second, iT reg cells appeared to have a much greater capacity than that of T naive cells or T activated cells to take up pMHCII complexes. Activated antigen-specific T cells took up less pMHCII than T naive cells did, perhaps because they had downregulated their TCR during stimulation with antigen. Although we specifically examined the uptake of pMHCII complexes using mAbs to pMHCII, T reg cells could take up several other DC-derived molecules, including CD86 and PD-L2. Therefore, it is likely that T reg cell TCRs exist in a cluster as part of the immune synapse, interacting with their cognate pMHCII together with surrounding DC molecules involved in costimulation and cell adhesion but excluding the non-cognate pMHCII complexes expressed on the same DC. T reg cells have been shown to form more stable immune synapses than those formed by T activated cells 32 and exclude the kinase PKC-θ from the immune synapse. As the immune synapse is responsible for endocytosis and degradation of the TCR 21 , the unique properties of the T reg cell immune synapse may promote the ability of its TCR to bind and take up pMHCII complexes and adhesion and/or costimulatory molecules from the DC ( Supplementary Fig. 8 ).
The molecular basis for the strong binding of T reg cells to antigenpulsed DCs and their subsequent ability to remove membrane complexes from the DC surface remains unknown. Recent studies using phosphoproteomics have identified a set of proteins differentially expressed in T reg cells that are linked to the cytoskeletal machinery and that may confer unique properties onto the T reg cell immune synapse 33 . The integrin LFA-1 (lymphocyte function-associated antigen-1) has been shown to promote stable interactions of T reg cells with DCs 34 . However, blocking LFA-1-intercellular adhesion molecule 1 interactions inhibits the binding of both non-T reg cells and T reg cells with DCs and has not allowed us to specifically block T reg cell interactions. A second candidate molecule on T reg cells is CTLA-4, whose binding to CD80 and CD86 may also be involved in T reg cell-DC adhesion, in addition to signal transduction 35 . However, CTLA-4 appeared to play no role in our model system either in mediating suppression or in capturing antigen from the DC surface. Integrins other than LFA-1 could also play a role in T reg cell-DC interactions. Integrin α 4 β 1 has been shown to colocalize in the synapse and potentially augment T reg cell-DC binding 36 . Lastly, neuropilin 1 has been proposed 37 to increase the binding of T reg cells to DCs and enhance their sensitivity to antigenic signals.
One argument raised against the existence of additional pathways of T reg cell-mediated suppression is that such pathways would have been discovered in studies of genetic diseases that result in serious autoimmune manifestations, similar to mice with deficiencies in Foxp3, CTLA-4 or the cytokine TGF-β (transforming growth factor-β ). Genetic defects in the model proposed in this study involving physiological interactions of the TCR with pMHCII would lead to a failure to mount any type of immune response and would not be regarded as being unique to T reg cells. However, a subpopulation of activated T reg cells can be identified in vivo [38] [39] [40] , and these activated T reg cells are lost in mice with T reg cell-specific deletion of the TCR. Deletion of the gene encoding the adaptor SLP-76 (SRC homology 2 domain-containing leukocyte phosphoprotein, 76 kDa) in mature T reg cells also results in an enhanced naive phenotype and loss of suppressive function 40 . Since SLP-76 plays a major role in actin polymerization in T cells 41 , loss of SLP-76 may result in impairment of immune-synapse formation in T reg cells and the ability to capture pMHCII complexes. These observations raise the possibility that this subpopulation of activated T reg cells in vivo is directly mediating suppression via the interaction of their TCR with complexes of self peptide and MHCII, resulting in constant removal of self peptide-MHCII complexes from the DC surface. Thus, continuous removal of self peptide-MHCII complexes may be the mechanism by which T reg cells maintain physiological immune homeostasis.
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Image analysis. Imaris software was used to analyze the confocal microscopy and intravital two-photon microscopy data. The SEM and TEM data were analyzed with Image J (NIH). The normalized velocity in Fig. 3 was calculated as the mean track speed of naive OT-II-DsRed/average for the mean track speeds of polyclonal CD4 + cells. In Fig. 6b , the YFP (CD11c) signal was used to reconstruct the 3D structure of the DC as a surface object. DCs were then removed as 3D objects from the CD45.1 (Alexa Fluor 647, red) channel. The resulting masked CD45.1 (red) channel (with the DC portion removed) was used to reconstruct the CD45.1 + cells; the MHC class II (blue) intensities of these cells were quantified. Statistical analysis. Statistical significance analyses were performed using Prism version 7.0d. The statistical tests and P values are indicated in the figures and figure legends. Briefly, two-sided Student's t-tests and two-sided Welch's t-tests were used to compare two continuous interval variables with a normal distribution. To compare three or more continuous interval variables, either a one-way or two-way analysis of variance (ANOVA) was used depending on the experimental setup. Non-parametric tests, such as the Kolmogorov-Smirnov and Kruskal-Wallis tests, were selected to determine statistical significance when comparing three or more distribution-free discrete variables as appropriate and are mentioned in the figure legends.
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